The partially conserved Mad3/BubR1 protein is required during mitosis for the spindle assembly checkpoint (SAC). In meiosis, depletion causes an accelerated transit through prophase I and missegregation of achiasmate chromosomes in yeast [1] , whereas in mice, reduced dosage leads to severe chromosome missegregation [2] . These observations indicate a meiotic requirement for BubR1, but its mechanism of action remains unknown. We identified a viable bubR1 allele in Drosophila resulting from a point mutation in the kinase domain that retains mitotic SAC activity.
The partially conserved Mad3/BubR1 protein is required during mitosis for the spindle assembly checkpoint (SAC). In meiosis, depletion causes an accelerated transit through prophase I and missegregation of achiasmate chromosomes in yeast [1] , whereas in mice, reduced dosage leads to severe chromosome missegregation [2] . These observations indicate a meiotic requirement for BubR1, but its mechanism of action remains unknown. We identified a viable bubR1 allele in Drosophila resulting from a point mutation in the kinase domain that retains mitotic SAC activity.
In males, we demonstrate a dose-sensitive requirement for BubR1 in maintaining sister-chromatid cohesion at anaphase I, whereas the mutant BubR1 protein localizes correctly. In bubR1 mutant females, we find that both achiasmate and chiasmate chromosomes nondisjoin mostly equationally consistent with a defect in sister-chromatid cohesion at late anaphase I or meiosis II. Moreover, mutations in bubR1 cause a consistent increase in pericentric heterochromatin exchange frequency, and although the synaptonemal complex is set up properly during transit through the germarium, it is disassembled prematurely in prophase by stage 1. Our results demonstrate that BubR1 is essential to maintain sister-chromatid cohesion during meiotic progression in both sexes and for normal maintenance of SC in females.
Results and Discussion
A viable, hypomorphic mutation in bubR1 was identified from a collection of EMS-induced mutations that cause fourth chromosome loss resulting from abnormal mitotic or meiotic transmission in the male germline [5] . The mutation z2-1525 was localized to the bubR1 locus (cytological region 42A1-3) by recombination and deficiency mapping and was determined to be a substitution of aspartic acid 1326 by asparagine (henceforth bubR1 D1326N , Figure S1A in the Supplemental Data available online). This locus was formerly referred to as bub1 [6] before its reclassification based on homology to Mad3 [7] . The bubR1 D1326N chromosome is viable in trans with two previously characterized alleles, bubR1 1 [6] and bubR1 rev1 [8] , and with Df(2R)nap9, a deficiency uncovering bubR1, yet each of these alleles failed to complement the meiotic defect of bubR1 D1326N . The trans-heterozygotes individuals, however, lacked any of the visible phenotypes characteristic of defects in mitosis (e.g., rough eyes, etched tergites, notched wings). To test whether the mitotic SAC activity was compromised by bubR1
D1326N
, we measured the mitotic index in homozygous bubR1 D1326N and bubR1 D1326N / Df(2R)nap9 larval neuroblasts in the presence and absence of colchicine. Colchicine treatment caused a significant increase in the mitotic index in bubR1 D1326N mutants ( Figure S1B ) but did not significantly increase precocious sister-chromatid separation (PSCS) (data not shown). These results indicate that the SAC is functional in bubR1 D1326N mitosis, despite potential alteration of the kinase domain activity. Our observations are consistent with findings of an active SAC in BubR1-immunodepleted Xenopus extracts in which a kinasedead BubR1 is expressed [9] and in HeLa cells in which a bubR1 construct lacking the C-terminal kinase domain is overexpressed [10] . In HeLa, expression of a kinase-dead or kinase-deleted BubR1 delays prometaphase progression, suggesting a mitotic role of the kinase domain other than checkpoint function. Drosophila is an interesting comparative model in which to examine the meiotic function of SAC components, in that the sexes have different mechanisms for meiotic chromosome segregation. Females are recombination proficient and have separate genetically defined systems for segregation of exchange and nonexchange chromosomes. In contrast, males lack recombination and recombination-associated structures such as SC, and the mechanism of homolog segregation differs from either female system. These differences potentially allow for discrimination between general and sex and/or recombination-specific meiotic functions for SAC components. In males, near null mutations in bubR1 strongly perturb meiotic chromosome segregation as evidenced by spindle abnormalities, aneuploidy, and micronuclei in early spermatids [6] . The apoptotic effect of strong bubR1 mutations on germline mitoses, however, has limited the number of observable meioses and hindered a detailed analysis of these phenotypes. We took advantage of the viable bubR1 D1326N allele to characterize the genetic and cytological consequences of altering BubR1 in male meiosis. We asked whether bubR1 affects sex chromosomes and autosomes by monitoring nondisjunction among progeny of bubR1 D1326N mutant males ( Figure 1A and Tables S1 and S2). The incidence of nondisjunction was elevated for each chromosome pair, with most events being associated with decreased fidelity of sister-chromatid segregation (i.e., equational nondisjunction). Furthermore, the incidence of nondisjunction was higher in bubR1 D1326N /Df(2R)nap9 than in homozygous bubR1 D1326N individuals, suggesting a dose-sensitive effect.
Sister-chromatid nondisjunction may result from MII equational misdivision, or alternatively by abnormal chromosome segregation resulting from PSCS during meiosis I [11, 12] . To determine the timing of meiotic errors, we examined the behavior of homologs and sister chromatids during each meiotic division by using fixed preparations. The majority of nondisjunction was attributable to PSCS, lagging chromosomes, and misdivision at anaphase I and MII ( Figures 1B-1E ). The cytological incidence of nondisjunction at MI exceeded that measured genetically. This likely can be accounted for in two ways. First, gametes with autosomal aneuploidy resulting from MI nondisjunction do not survive and thus are eliminated from the genetic data. Second, the incidence of MI nondisjunction, as measured as sister secondary spermatocytes of unequal size or the presence of micronuclei at telophase I, is lower than the incidence of anaphase I PSCS. This suggests that because sister chromatids remain associated until anaphase I, many chromosomes segregate normally at MI, and the genetic consequences of MI PSCS appear as equational nondisjunction. PSCS does not appear to be a consequence of BubR1 mislocalization; BubR1 D1326N showed centromere localization ( Figures 1F-1I ) similar to that reported for the wild-type protein during meiosis [6] . Arm separation normally occurs prior to anaphase I in males [13] , so these results suggest that the bubR1 D1326N allele affects a meiosis-specific activity required for sister-chromatid cohesion at centromeres in males.
Genetic analyses of chromosome segregation in bubR1 females has been previously precluded by maternal-effect lethality of existing alleles [8] . We were able, however, to measure the frequencies of X and fourth chromosome nondisjunction in bubR1 D1326N females, and we observed an elevated frequency of nondisjunction for both the X and the fourth chromosomes (Table S3 ). To determine whether the frequency of such nondisjunction events increased as the level of functional BubR1 protein was decreased, we examined females bearing different bubR1 allelic combinations representing a hypomorphic series of increasing severity. X chromosome segregation was increasingly disrupted in bubR1 D1326N /bubR1 rev1 females, bubR1 D1326N / bubR1 1 , and bubR1 D1326N /Df (2R)nap9 females (Table  S4) . Thus, as is the case in males, the meiotic defect induced by the absence of BubR1 is also dose sensitive in females.
Data for bubR1 D1326N females that were also heterozygous for the fourth chromosome recessive marker sparkling demonstrates that the majority of fourth chromosome nondisjunction induced by the bubR1 D1326N mutant was equational and thus likely occurring at meiosis II (see Table S3 ). We also analyzed the timing of X chromosome nondisjunction (meiosis I or meiosis II) by using X chromosomes marked with $y + at the centromere, which allowed reductional exceptions to be distinguished from equational exceptions. Of 45 diplo-X exceptional progeny produced by bubR1 D1326N / bubR1 D1326N mothers, 43 were the result of sister-chromatid nondisjunction and only two were reductional exceptions (one of which also exhibited an exchange event in the heterochromatin; see below). For bubR1 D1326N / bubR1 rev1 mothers, 47 of 50 diplo-X exceptional progeny resulted from equational nondisjunction, whereas only three resulted from reductional nondisjunction (also including one with a heterochromatic exchange). Moreover, as shown in Table S5 , a high fraction of the X chromosomes that nondisjoin in bubR1 D1326N females are derived from oocytes in which the X chromosomes had undergone at least one euchromatic crossover event, suggesting a defect subsequent to pairing and exchange. Thus, as in males, most of the chromosome misdivision observed in bubR1 D1326N females appears to be the consequence of failure to segregate properly at MII. Importantly, the genetic data do not distinguish between MII errors and PSCS in late meiosis I, as was cytologically observed in bubR1 males. Therefore, the most parsimonious hypothesis is that bubR1 induces nondisjunction in both males and females by causing PSCS after meiosis I homolog segregation is initiated (i.e., late MI anaphase or MII).
Curiously, for both the X and the fourth chromosome, the frequencies of diplo-bearing (XX or 44) exceptions were approximately 5-fold higher than the frequencies of nullo-bearing (00) exceptions (see also Table S4 ). This inequality is not understood, but suggests that in the absence of BubR1 those pronuclei that fail to inherit at least one copy of either the X or the fourth chromosome are being lost, perhaps as the consequence of coincident aneuploidy for a major autosome or the presence of broken or fragmented chromosomes resulting in dominant lethality. The production of gynandromorphs (Table S4) owing to maternal chromosome loss supports this notion of a chromosome-related defect in the egg pronuclei.
Given that the primary defect observed in bubR1 D1326N females is the result of errors at anaphase I or MII, we did not expect to find a significant effect of this mutant on the frequency of meiotic exchange; defects in recombination usually lead to failure of homolog segregation at the first meiotic division. To determine whether alterations in recombination were associated with bubR1-induced nondisjunction in chromosomally normal females, we measured the frequency of recombination along most of the X chromosome euchromatin. As shown in Table 1 identical to the map length of 46.9 cM observed in control females. Moreover, an analysis of tetrad distribution [14] reveals that the frequency of X chromosome pairs that underwent a single crossover event (64%-65%) is virtually identical in bubR1 D1326N and wild-type females. Similarly, we performed an analysis of recombination on the third chromosome in females carrying a number of bubR1 allelic combinations representing a hypomorphic series of increasing severity (see Table S6 ). As was the case for the X chromosome, none of the bubR1 allellic combinations induced a significant reduction in the overall map length. Consistent with a meiotic defect that most profoundly affects the second meiotic division, these results suggest that ablating BubR1 function has at best a minimal effect on the total frequency of meiotic exchange.
Although there was little effect, if any, of bubR1 mutants on the total frequency of exchange, these crosses did reveal some subtle, but highly reproducible, effects on the distribution of exchanges. The analysis of X chromosomal exchange (Table 1 ) reveals a slight increase in the frequency of nonexchange (E0) tetrads and a corresponding decrease in the frequency of E2 (or double crossover) tetrads in bubR1 D1326N females when compared to wild-type. Similarly, a careful examination of the effects on autosomal exchange (Table S6 ) reveals a weak but reproducible alteration in the distribution of exchange characterized by a slight (1-2 cM) increase in the frequency of crossing over between the pericentromeric markers st and p and a corresponding, but equally weak, reduction in the frequency of crossing over in more distal intervals. An examination of the autosomal tetrad distributions for the various bubR1 allelic combinations tested also reveals an increase in the frequency of E0 tetrads and a decrease in the frequency of E3 (triple crossover) tetrads. These effects suggest that BubR1 influences some aspect of the recombination machinery that controls exchange distribution during prophase I, a hypothesis concordant with the effect of bubR1 mutants on SC morphology that is described below. The strongest evidence that BubR1 does indeed alter the distribution of exchanges in truly fundamental fashion is presented in Table 2 . Both bubR1 D1326N and bubR1 D1326N /bubR1 rev1 females exhibit elevated frequencies of exchange in the pericentromeric heterochromatin. Only one other meiotic mutant, Doubleor-nothing (Dub), both alters exchange distribution and allows for high levels of meiotic exchange [15] . Dub is a gain-of-function allele of the subito gene, which encodes a kinesin-like protein required for meiotic spindle formation [16] . Whether this similarity indicates that exchange distribution is sensitive to perturbations in certain aspects of spindle assembly remains to be investigated. However, the segregational outcomes of these two mutants differ dramatically and there is no evidence that Dub similarly affects pericentromeric exchange. To our knowledge, all other meiotic mutants that alter exchange distribution dramatically lower exchange [17] .
To examine the possibility that BubR1 influences some aspect of the recombination machinery that controls exchange distribution, we analyzed the effect of bubR1 mutation on the formation and/or maintenance of SC during the transit through the germarium and at stage 1 of egg-chamber development. The SC is an essential structure for the control of nondisjunction and meiotic crossing-over [18] . In Drosophila, mutations in two SC components have different effects on exchange: mutations in c(3)g abolish crossing-over [4] whereas mutations in c(2)m disrupt C(3)G recruitment and leads to the modification of crossing-over distribution near centromeres [3] . We found that the localization patterns of both C(2)M and C(3)G proteins appear normal in the early stages of meiotic cycle (region 2a), but as meiocysts transit through the germarium, the SC is altered, suggesting that it is not maintained (Figure 2) . In wildtype stage 1 egg chambers, only the oocyte nucleus has complete SC [3, 4, 18] (Figures 2C-2F ). However, in bubR1 D1326N mutants, C(2)M was abnormally distributed within the egg chamber and only partially colocalized with C(3)G within the oocyte nucleus ( Figures 2G-2J) . At later stages, during SC disassembly, only C(3)G retained a nuclear localization while C(2)M was distributed throughout the oocyte and only partially localized to the oocyte nucleus (data not shown).
The effect of bubR1 on SC maintenance could lead to the formation of error-prone bivalents, as evidenced by the nondisjunction produced by mutations in both c(2)m [3] and/or c(3)g [4] . Alternatively, both abnormalities in SC and PSCS might be consequences of alterations in sister-chromatid cohesins, as has been observed for orientation disruptor (ord), a regulator of sister-chromatid cohesion [19, 20] . We produced an antibody against the cohesin complex subunit SMC1 ( Figure S2 ) and (Figures 3A and 3C-3E ). This localization is similar to that recently described for SMC1 [21] . However, in bubR1 meiocysts, during the transit through the germarium, SMC1 is no longer associated to linear structures within the oocyte nucleus at stage 1 and only a low level of DNA-associated SMC1 protein was detected (Figure 3B) , suggesting loss of homologous and sisterchromatid cohesion (Figures 3F-3H) . Interestingly, failure to maintain the SC and sister-chromatid cohesion In all images, SMC1 is in green, Orb is in red, and DNA is in blue.
(A and B) SMC1 immunodetection in wild-type and BubR1 mutant germarium. During the transit through the germarium, SMC1 accumulate within the oocyte nucleus detected by Orb (n = 12). In contrast, in BubR1 mutant germarium, SMC1 is strongly reduced within the oocyte nucleus (n = 14/14).
(C-H) SMC1 immunodetection at stage 1 egg chamber. In wild-type egg chamber (n = 18), SMC1 localization is similar to SC, whereas in the BubR1 mutant egg chamber, SMC1 is diffused within the cytoplasm and only a low amount appears DNA bound (n = 18).
(I-N) SMC1 immunodetection at stage 5. Whereas in both wild-type and BubR1 mutant egg chamber, the karyosome appears normal when detected with DAPI, SMC1 localization differ. In wild-type, SMC1 localized in a well-defined pattern along the DNA (n = 16), whereas in the BubR1 mutant oocyte, only a low amount of SMC1 colocalized with DNA and SMC1 is not restricted into a well-defined structure. Scale bars represent 10 mm.
did not induce any obvious defect in karyosome formation despite a strong modification in the SMC1 localization pattern (compare Figures 3I-3K with Figures  3L-3N ).
To determine whether these effects might reflect an abnormal localization of BubR1, we examined its localization during oogenesis in both wild-type and mutant ovarioles by using Orb [22] as a marker for oocyte localization (Figure 4) . In wild-type meiocysts, BubR1 accumulates within the Orb-positive cell during the transit through the germarium and BubR1 localized throughout the chromatin of the oocyte nucleus in region 3 ( Figures  4A, 4C, 4D, 4G, and 4H ). This chromosomal localization persists until stage 8, becoming undetectable by stage 10 (data not shown). In contrast to spermatogenesis where BubR1 D1326N localization did not differ from the wild-type pattern ( Figures 1F-1I ), BubR1 D1326N failed to accumulate within the oocyte nucleus during the transit through the germarium ( Figures 4B, 4E, 4F, 4I, and 4J) . However, BubR1 D1326N was detectable within the oocyte nucleus at later stages of development until stage 8 as for the wild-type protein (data not shown). Therefore, our results indicate a differential localization pattern between male and female prophase I, but also between female prophase I and mitotic cells in which BubR1 is only detected at kinetochores after NEB. This difference may indicate a higher requirement for BubR1 function during female meiosis reflecting the higher level of complexity of female meiosis versus male meiosis or somatic cell division. Our observations of increased levels of pericentric exchange and defects in SC maintenance may be consistent with a role of BubR1 in regulating prophase progression, as observed for Mad3 in yeast. This activity in yeast, however, is particularly important for the segregation of achiasmate chromosomes [1] . In contrast, the majority of nondisjunction events in bubR1 mutant females involve chromosomes that have undergone exchange, and achiasmate chromosomes are not particularly susceptible to nondisjunction. Furthermore, In all images, BubR1 is in green, Orb is in red, and DNA is in blue. (A and B) BubR1 immunodetection in wild-type and mutant ovarioles. (C-F) Higher magnification of a germarium in both wild-type and mutant oocytes. In region 1 of both wild-type and mutant, BubR1 is detected within the mitotic cells, certainly representing BubR1 mitotic function. However, during the transit through the wild-type gemarium, BubR1is always observed to accumulate within the oocytes nucleus in region 3 as detected by Orb (n = 25). In contrast, in the mutant egg chamber, BubR1 mutant protein fails to accumulate within the oocyte in region 3 (n = 23/25). Higher magnification of a region 3 in (G, H) wild-type and (I, J) mutant germaria. BubR1 localized preferentially over the chromatin in wild-type oocytes, whereas the mutant protein is mostly dispersed. Scale bar represents 100 mm in (A) and (B) and 10 mm in (C)-(F).
that the nondisjunction is largely equational suggests a function in late MI or MII rather than prophase. Although we cannot exclude the possibility that these outcomes obtain from an earlier prophase defect, the simplest explanation is that relative to Mad3, BubR1 has a different, or additional, activity in maintaining sister-chromatid cohesion. Indeed, all our data are more consistent with BubR1 playing a direct role in sisterchromatid cohesion, similar to that of MeiS332. One possibility is that BubR1 affects the centromeric loading and/or maintenance of MeiS332, an essential protein required to prevent PSCS during MI [23] , as has been observed for Bub1 in S. pombe [24] . This could occur by a direct regulation of MeiS332 or by an indirect alteration of centromeric heterochromatin that in turn affects its loading at centromeres. There is precedent for a SACindependent role of BubR1 at centromeres. Null mutations in CID, the fly homolog of human centromeric CENP-A protein, trigger a BubR1-dependent early mitotic delay, indicating that BubR1 is somehow involved in monitoring centromere assembly and/or behavior prior to metaphase [25] . In summary, our results suggest that BubR1 plays an essential role in maintaining sistercentromere organization and function during meiotic progression.
Experimental Procedures
Fly Strains and Genetics bubR1 D1326N was isolated in an EMS screen for male nondisjunction [5] and mapped by recombination with respect to cn, bw, and the P element insertion P[lacW]oho48AK06524, and by failure to complement Df(2R)nap9, In(2R)bw[VDe2L]Cy[R], and bubR1
1 . bubR1 1 as was described in [6] and bubR1 rev1 in [8] . Description of the different chromosomes used in the study can be found at FlyBase (http:// flybase.bio.indiana.edu/). All crosses were done on standard cornmeal medium at 25 C.
Immunofluorescence and Microscopy
Testes were dissected from 1-day-old males in Shields and Sang M3 insect medium, fixed 10 min in ice-cold methanol, washed 33 10 min in PTX (13 PBS-0.01% Triton X-100), and incubated overnight at 4 C with anti-BubR1 serum (Rb666), diluted 1:500 in PTX-3% BSA. The secondary antibody used was Cy3-conjugated goat anti-rabbit diluted 1:1000 in PTX-3% BSA. DNA was stained in 13 PBS containing 1 ng/ml DAPI for 1 min. For squashes, testes were dissected as above, fixed 10 min in 45% acetic acid, squashed under coverslips, and stained with DAPI. Images were acquired with either a Nikon Optiphot-2 microscope equipped with Photometric Sensys cooled CCD camera or an Olympus Fluoview FV500 confocal laser scanning microscope. Ovaries were dissected in cold 13 PBS. Fixation was performed for 20 min in 2% EM grade formaldehyde as described in [4] , followed by 2 hr permeabilization in 13 PBS-0.5% Triton X-100%-10% calf serum. Primary antibodies used were: guinea pig anti-C(3)G [4] , rat anti-SMC1, rabbit anti-C(2)M [3] , rabbit antiBubR1 [6] , and mouse anti-Orb [22] . Secondary antibodies used were: anti-rabbit Alexa Fluor 488 used at 1:1000, anti-mouse Alexa Fluor 568 used at 1:1000, anti-rat Alexa Fluor 647 used at 1:1000, and anti-guinea pig Alexa Fluor 647 used at 1:1000. DNA was detected in 13 PBS containing 1 mg/ml of DAPI. Observation and images were obtained with a Leica TCS SP2 AOBS (Leica Microsystems, Heidelberg). Images in Figure 3 were deconvoluted with Huygens Essential (version 3.0.2pl).
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